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Daytime quantum communication is demonstrated under field-site conditions representative of a space-to-Earth optical 
link. Higher-order adaptive optics increases quantum channel efficiencies significantly beyond those that are possible 
with tracking alone while tight spatial filtering rejects daytime background light without the need for an ultra-narrow 
spectral filter. High signal-to-noise probabilities and low quantum-bit-error rates are demonstrated over a range of 
channel radiances and turbulence conditions associated with daytime satellite passes.  The impact to satellite-based 
quantum key distribution is discussed. 
 
A century of research in quantum mechanics, optics, computing, and information is culminating in a second 
quantum revolution.  Whereas the first quantum revolution explored the foundations of quantum mechanics, the 
second is focused on utilizing them to change many aspects of the modern world.  Perhaps the most compelling and 
ambitious is the quantum internet; a network of quantum computers, repeaters, and memories linked by classical- and 
quantum-optical channels [1-3].  The grand vision consists of a global-scale network whereby satellite-based nodes 
link with ground-based nodes and quantum computers distributed around the globe.  This network would enable 
distributed quantum computation, blind quantum computation, quantum-assisted imaging, and precise timing, to name 
a few proposed applications.  
Figure 1 illustrates the transmission of photonic qubits from a satellite through atmospheric turbulence to a ground 
terminal amidst the scattering of sunlight into the receiver field of view (FOV).  Seminal demonstrations of qubit 
transmission between a satellite and Earth include the direct transmission of qubits, entangled photons, and 
teleportation [4-6].  Closely related demonstrations include quantum communication between aircraft and ground [7-
9] and quantum-limited communication from satellites [10,11].  The aforementioned demonstrations were performed 
at night to avoid daytime optical noise that can easily overwhelm the quantum signal.  Field experiments have been 
reported in daylight conditions, including those investigating the feasibility of satellite-based quantum 
communication, but have not treated several important issues [12-21].  First, daytime channel radiances were not 
correlated to actual sky radiances in satellite passes.  Second, turbulence parameters were not characterized and 
correlated to those associated with space-Earth channels.  Most significantly, higher-order adaptive optics (AO) was 
not considered.  This letter presents results from a field experiment addressing all three issues.  
 
FIG. 1 Illustration of satellite-based quantum communication showing photons propagating from a satellite through atmospheric 
turbulence to a ground terminal with scattering of sunlight into the telescope’s FOV, ΩFOV.  
AO will be essential for high performance free-space quantum networks.  Atmospheric turbulence introduces 
higher-order spatial modes that reduce the efficiency of coupling into single-mode quantum systems [22,23-31]. Mode 
alteration also compromises momentum indistinguishability that is required for Bell-state measurements which are 
essential to quantum network protocols [32].  Furthermore, wavefront errors limit the ability to spatially filter optical 
noise and thereby increase spectral filtering requirements.  This imposes unwanted constraints for wavelength 
multiplexing and applications involving interactions with photons derived from solar illumination [33].  By 
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compensating the deleterious effects of atmospheric turbulence, AO can add flexibility to quantum networks and 
improve their performance. 
Real-time sensing and correction of atmospheric-turbulence-induced wavefront errors, was proposed in 1953 by 
Babcock [34] and demonstrated by Hardy in the 1970s [35-37].  The first successful application of AO to imaging 
LEO satellites, where the high temporal frequencies associated with slewing can challenge AO systems, was 
accomplished in 1982 by Fugate at the Starfire Optical Range (SOR) [37,38].  AO is now an important technology for 
numerous applications including astronomy, ophthalmology, microscopy, and high-bandwidth optical communication 
with satellites [37-42].  Recently, we presented simulation results showing that higher-order AO at a terrestrial receiver 
enables daytime satellite-to-Earth quantum communication by preserving channel efficiencies while operating 
detectors in a single spatial mode to sharply reduce daytime sky noise [22,23].  Results show that low quantum-bit-
error rates (QBERs) are possible over a wide range of sky radiances and atmospheric conditions associated with 
daytime satellite passes.   
This letter reports results from a previously announced [43] field experiment that validate the benefit of AO to 
quantum communication over a satellite downlink.  A qubit prepare-and-measure scheme is implemented over a free-
space channel with channel radiance and turbulence conditions associated with zenith angles θz ranging from 0° to 
70°.  An AO system is integral to the quantum receiver which operates near the diffraction-limited (DL) FOV.  
Aperture coupling losses associated with a low-Earth-orbit (LEO) scenario are introduced via optical divergence.  A 
spectral filter rejects optical noise outside a 1-nm bandpass which is 10-, 20-, 230-times larger than those used in 
previous daylight demonstrations [13,19,14].  Results verify that AO enables high signal-to-noise (S/N) detection-
probability ratios and low QBERs over a wide range of sky conditions without the need for ultra-narrow spectral 
filtering.  
The field site is located at the SOR, Kirtland AFB, NM in the Southwestern United States.  The site includes 
transmitter and receiver facilities located on hillsides that are separated by approximately 1.6 km with a propagation 
path that is approximately 10 meters above the desert floor.  Atmospheric turbulence in the quantum channel is 
characterized from data acquired by a Shack–Hartmann wavefront sensor (SHWFS) that is integral to the channel and 
operating at 2 kHz.  An independent measurement is provided by a Scintec BLS 900 scintillometer.   
 
FIG. 2 (a) Plot of the measured turbulence parameters [r0, σI2] in blue with corresponding equivalent zenith angles εzenith in green.  
The solid line shows the theoretical HV5/7 turbulence profile representing a satellite-Earth channel over a range of elevation angles.  
Equivalent zenith angles and channel radiance values from field data are plotted as white dots on hemispherical radiance maps 
calculated for the summer solstice (b) and winter solstice (c). The sun position is obscured by a black circle. 
Two important parameters characterizing turbulence are the scintillation index σΙ2 and Fried’s coherence length r0 
[44].  Measured [r0, σI2] pairs, representing 10-s averages of SHWFS data, are plotted in Fig. 2(a) as blue circles for 
780-nm wavelength.  Both turbulence and quantum data are processed in 10-s intervals which are found to be optimum 
for specifying turbulence parameters while minimizing statistical variations in quantum detection events due to finite 
sample sizes.  The r0 values are derived from SHWFS measurements through the slope discrepancy independent of 
the open or closed state of the AO control loop [45].  The solid line shows the [r0 (HV5/7), σI2 (HV5/7)] pairs of the 
saturated theoretical altitude-dependent HV5/7 profile [46] with coordinates corresponding to specific zenith angles 
labeled. 
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For many ground observational sites, the HV5/7 turbulence profile defines relevant conditions and a standard AO 
system approach based on a SHWFS can provide significant wavefront compensation over much of the sky 
hemisphere.  Creating relevant [r0, σI2] pairs requires the addition of a heat source under the beam path near the 
transmitter.  These cases are designated by a red dot at the center of the circle.  Data points acquired with σI2 < 0.159 
do not correspond to any downlink scenario in the HV5/7 model and are omitted from the plot and analysis that follows. 
Each data point can be assigned a maximum zenith angle εzenith within which the field-site conditions are more 
demanding than those in the HV5/7 model.  More specifically, εzenith is the largest angle for a given measured [r0, σI2] 
pair where r0 ≤ r0 (HV5/7) and σI2 ≥ σI2 (HV5/7).  The green points on the curve represent all of the identified εzenith 
values from the processed data and span the range 0°≤ εzenith ≤70°.   
We chose 780 nm for the quantum channel wavelength.  Previous analyses have considered both 1550 nm and 
wavelengths near the 775-nm second harmonic [13,47,48].  For a receiver operating at the DL FOV with AO 
compensation, the following simple analysis based on local atmospheric conditions indicates the daytime S/N can be 
appreciably better at 775-nm.  First, MODTRAN simulations under normal haze conditions indicate that local sky 
radiances near zenith are typically about 16-times greater near 775 nm.  However, the higher photon energy and 
smaller DL FOV, Ω𝐷𝐷𝐷𝐷 𝐹𝐹𝐹𝐹𝑉𝑉 = 𝜋𝜋 �1.22 𝜆𝜆𝐷𝐷𝑅𝑅 �2, result in the number of noise photons being only two-times greater.  Ignoring 
the small amount of spreading that occurs with propagation through the atmosphere, the satellite-Earth aperture-to-
aperture coupling efficiency for a DL satellite transmitter, given by 𝜂𝜂𝑔𝑔𝑔𝑔𝑔𝑔 = �𝜋𝜋𝐷𝐷𝑇𝑇𝐷𝐷𝑅𝑅4 𝜆𝜆 𝑧𝑧 �2 where DT and DR are the 
transmitter and receiver diameters and z is the propagation distance, is four-times greater at 775 nm.  MODTRAN 
simulations also indicate that atmospheric transmission near zenith is about 90% of that at 1550-nm.  Altogether, this 
indicates a S/N probability ratio that is about 1.8-times better near the 775 nm wavelength.  The shorter wavelength 
also allows the use of reasonably efficient, compact, low-noise, and inexpensive silicon-based detectors and cameras.  
This analysis differs from that of Liao who cites a higher relative sky radiance near 775-nm and, without considering 
the effect of wavelength on aperture coupling efficiency or the use of AO, concludes the 1550-nm telecom wavelength 
is the optimal choice for daytime satellite QKD [19].  Optimal wavelength selection for any application will likely be 
based on site-specific conditions including the effects of scattering, turbulence, and details regarding the inclusion of 
an AO system. 
Channel radiances Hb in the range 2<Hb<100 W/(m2 sr μm) describe a wide range sky angles at 780-nm wavelength 
[47,49,50].  The natural channel radiances at the field site only partially overlap with this range.  This is addressed by 
adding a white-light source beside the transmitter and outside the receiver FOV to introduce additional background 
light into the channel via scattering.  Figures 2(b) and 2(c) reproduce hemispherical plots of sky radiance calculated 
for the local area for the summer and winter solstices, respectively [50].  The region about the sun angle is obscured 
by a black circle subtending 7°.  Overlaid on the plots are the experimental data points showing combinations of εzenith 
and Hb under which data were recorded.  More specifically, for a given data point, εzenith defines a circle inside of 
which the point is placed such that its measured Hb matches the calculated sky radiance.  As the sky radiance isn’t 
symmetric, most data points find a single match on the hemispherical plots within a degree of their εzenith.  These 
represent the effective satellite-Earth channel conditions under which testing was performed at the SOR 1-mile range.   
 
FIG. 3 (a) Schematic of the quantum receiver with AO system.  See text for details.  (b) Autoscaled scoring camera images with 
(b) open-loop and (c) closed-loop configurations with 15× increase in peak intensity. (c) Plot of the open-loop (open circles) and 
closed-loop (solid circles) channel attenuation versus system Strehl with r0 and σI2 represented by circle size and color scale, 
respectively. 
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Other phenomenology are implemented at a reduced scale without affecting traceability to an actual satellite 
implementation. Scalable parameters include the actual propagation distance, aperture sizes, and the temporal 
frequency of turbulence that varies with satellite altitude and drives the bandwidth requirement for the AO system 
[51].  The field-site transmitter divergence is adjusted to introduce approximately 11 dB of aperture-to-aperture 
coupling loss.  This corresponds to a 400-km orbit with θz=60°, DT=20 cm, DR=1 m, and λ=780 nm.  
Atmospheric turbulence significantly increases the receiver FOV needed to efficiently capture signal photons.  This 
increases the number of background photons Nb according to [52],    
                 𝑁𝑁𝑏𝑏 = 𝐻𝐻𝑏𝑏 Ω𝐹𝐹𝐹𝐹𝐹𝐹 𝜋𝜋𝑅𝑅2𝜆𝜆 Δ𝜆𝜆 Δ𝑡𝑡ℎ𝑐𝑐 ,  (1) 
where, Hb is the sky radiance in W/(m2 sr µm), ΩFOV is the solid-angle FOV, πR2 is the area of the primary optic with 
R=DR/2, λ is the optical wavelength, ∆λ is the spectral filter bandpass, ∆t is the integration time for photon counting, 
and hc/λ is the photon energy.  In the presence of turbulence, minimizing qubit losses requires ΩFOV to be larger than 
ΩDL FOV by a factor of (DR/1.22r0)2 [22,23].  For an HV5/7 turbulence profile with θz=60°, r0=5.6 cm and, assuming 
DR=1 m and λ=780 nm, turbulence leads to a factor-of-214 increase in Nb.  Correspondingly, operating at the DL FOV 
with perfect AO correction decreases optical noise by a factor of 214 without introducing significant signal loss.  Note 
that for the DL FOV case considered in this field experiment, Nb is independent of the size of the primary optic.  Hence 
results obtained for a given channel radiance Hb are applicable to arbitrarily sized receiver apertures.   
The quantum communication system consists of a transmitter (Alice) and receiver (Bob) that prepare, transmit, and 
measure polarization-based qubits at 780-nm wavelength in rectilinear and diagonal bases of polarization.  Alice also 
launches an 808-nm cooperative laser beacon to probe atmospheric turbulence and an 808-nm timing pulse that 
precedes each qubit by about 40 nsec to facilitate temporal filtering of optical noise outside a ∆t=1 ns temporal 
window.         
Alice transmits qubits in 100 s sessions, each second comprised of a 1 MHz burst of 120,000 signal pulses.  The 
polarizations are equally distributed among the four rectilinear and diagonal polarizations.  The Alice computer controls 
four fiber-based Mach-Zehnder (MZ) modulators, one for each polarization state, in on/off configuration to generate 
1.0 nsec FWHM optical pulses.  These modulators are fed from a 4x fiber splitter illuminated by a single, 780-nm cw 
laser diode source.  A fifth MZ modulator is used as a fast amplitude adjuster to create either a signal mean photon 
number (MPN) of μ ≈ 0.6 or a decoy-state MPN of ν ≈ 0.1.  The fiber outputs are collimated and combined in air with 
polarizing beam-splitter (PBS) cubes and a non-polarizing 50/50 beam-splitter (BS).  A series of neutral density filters 
attenuates the laser pulses to the desired MPN.  The horizontally polarized 808-nm cw AO laser beacon is polarization 
multiplexed with the vertically polarized 808-nm 20-nsec duration square heralding pulse and then combined with the 
780-nm qubits with a dichroic optic.  The launch portion of the transmitter is a simple Keplerian telescope built with 
commercial achromat lenses.   
At the receiver station, light is collected by a commercial 35-cm Schmidt-Cassegrain telescope as shown in Fig. 
3(a).  Captured light propagates to a fast steering mirror (FSM) for atmospheric tip/tilt correction and a micro-electro-
mechanical-system- (MEMS-) based deformable mirror (DM) for higher-order wavefront correction.  A dichroic BS 
reflects the 780-nm qubit stream and transmits the 808-nm AO beacon and timing pulse which are subsequently de-
multiplexed by a PBS.  The heralding pulse is directed to a fast detector that generates the sync pulse for Bob’s event 
counter. A 90/10 BS directs the AO beacon light to the SHWFS and an imaging “scoring” camera.  For compatibility 
with the 35-cm aperture receiver telescope used in the field experiment, an 11×11 element lenslet array was chosen 
for the SHWFS.  This corresponds to a subaperture size of 3.2 cm at the entrance pupil of the telescope. The SHWFS 
camera runs at 2.0 kHz while maintaining excellent S/N in the sub-apertures.  The qubit stream is focused through a 
30-micron diameter field stop (FS), which serves as the spatial filter for optical noise, and passes through the 1.0-nm 
FWHM bandpass quantum channel spectral filter (QCSF).  The optical combination of the 35-cm receiver aperture, 
the 30 micron pinhole FS, and the spectral filter form an extended radiometer for measuring background radiance 
when not detecting qubits.  The average arrival rate of background photons on the four Bob detectors are converted 
into an equivalent Hb in W/(m2 sr μm).   
The filtered, reconstructed wavefront drives the low-latency 12×12 element MEMS DM and the full-pupil tilts 
similarly drive a 2″ diameter fast steering mirror.  The 3 dB error rejection bandwidth of the AO loop is 130 Hz.  
Notably, all of the real-time AO loop and FSM control is accomplished with a single PC running tailored AO software.  
The computer is also networked for data storage: data streams associated with the SHWFS and AO loop, including 
WFS camera frames, gradients, reconstructed phase, servo and DM commands, are saved for post-processing. 
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The scoring camera is optically conjugate to the FS and allows a means of quantifying both AO performance and 
quantum channel FS transmission efficiency under all atmospheric conditions.  Representative scoring camera frames 
are shown with AO off, 3(b), and AO on, 3(c).   The remaining portion of Bob consists of the standard arrangement for 
measuring polarized photons in rectilinear and diagonal bases of polarization consistent with known prepare-and-
measure protocols [53].  A 50/50 non-polarizing BS randomly directs photons to either the rectilinear or diagonal 
measurement bases.  In each basis, PBS cubes separate orthogonal polarizations and direct them to commercially-
available Geiger-mode APD’s. The four output signals are registered by a time-correlated single photon event counter 
(TCSPC) with picosecond resolution.  
AO significantly increases the channel efficiency without increasing the optical noise.  The quantum channel 
efficiency η is calculated from the measured signal gain Qµ, measured background probability Y0, and the relationship, 
𝑄𝑄𝜇𝜇 = 𝑌𝑌0 + 1 − 𝑒𝑒−𝜂𝜂𝜇𝜇, with µ measured at the transmitter [54].  In addition to the aperture coupling efficiency, ηgeo≈0.08, 
the quantum channel efficiency η, given by η=ηgeoηtransηspatialηreceiverηspectralηdetector, includes transmission efficiencies 
associated with atmospheric scattering and absorption, ηtrans≈1.0, receiver telescope optics, ηreceiver = 0.49, the spectral 
filter, ηspectral=0.92, and each of the four detectors, ηdetector = 0.6.  The term ηspatial describes turbulence-related losses at 
the field stop and ranges from a low of about 2% to as much as 63%.  The specific value for a given atmospheric 
realization depends on the severity of turbulence and, in the case with AO, the finite spatial resolution and finite 
temporal response of the AO system.  As turbulence increases, under-resolved wavefronts and scintillation reduce the 
accuracy of SHWFS measurements [55].   
AO performance is quantified through Strehl given in the Maréchal approximation by 𝑆𝑆 = 𝑒𝑒−𝜎𝜎2  where σ is the phase 
variance calculated from SHWFS data [46]. Figure 3(d) shows the measured η in dB loss versus Strehl with r0 
represented by circle sizes and σI2 given by the color scale.  Open- and closed-loop data are represented by open circles 
and solid circles, respectively.  In the open-loop state, the DM is optically flat and the tracking loop remains closed. 
Closing the AO loop improves the range of system Strehl from 0.024≤ S≤ 0.21 to 0.21≤ S≤ 0.70 with the maximum 
Strehl bounded by the minimum σI2 values of the HV5/7 model.  Correspondingly, AO improves the range of η from 
40≥-10Log(η)≥ 30 dB to 37≥-10Log(η)≥ 23 dB.  In strongest turbulence and without AO it was not possible to calculate 
η due to very low signal counts. 
 
FIG. 4 Plots of (a) measured S/N probabilities, (b) measured QBER, and (c) calculated QKD bit yield vs. channel radiance Hb 
under open-loop (red) and closed-loop (blue) conditions with r0 represented by circle size.  
Experimental results demonstrate robust channels amidst turbulence and high channel radiance.  A general measure 
of performance for the quantum channel is the probability of detection for a signal photon versus that for a noise photon.  
Measured values for this ratio, S/N=Qµ/Y0, are expressed in dB and plotted in Fig. 4(a) versus Hb for open-loop (red) 
and closed-loop (blue) cases.  With AO, daytime S/N values range from 3,000 to 10 at radiance values ranging from 1 
to over 80 W/(m2 sr µm). The solid line shows Qµ/Y0 calculated for the 23 dB minimum channel attenuation case with 
Y0 = Nb ηreceiver ηspectral ηdetector + 4fdark , Nb calculated using Eq. (1), and fdark = 190 Hz, the measured APD dark count 
rate.  
QBERs and bit yields associated with the decoy-state QKD protocol can be calculated from the experimental data. 
Measured QBERs, defined as the number of incorrectly measured qubits divided by the total number of measured 
qubits within matched bases, are plotted versus Hb in Fig. 4(b).  Without AO, QBERs within 5% are only observed at 
low daytime radiances. With AO, QBERs within 5% are obtained with Hb as high as 80 W/(m2 sr µm).  The solid line 
is the calculated QBER, 𝐸𝐸𝜇𝜇 = 𝑔𝑔0𝑌𝑌0+𝑔𝑔𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑(1−𝑔𝑔−𝜂𝜂𝜂𝜂)𝑌𝑌0+1−𝑔𝑔−𝜂𝜂𝜂𝜂  , for the 23 dB channel with e0=0.5 and edetector=0.005, the measured 
value for polarization crosstalk. 
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Estimates for the QKD bit yield R are calculated from measured signal and decoy-state gains, QBERs, and MPNs 
according to the vacuum-plus-weak-decoy-state QKD protocol method as described by Ma [54] assuming a constant 
efficiency of error correction f(Eµ) =1.22.  Figure 4(c) shows R versus Hb for various r0.  Without AO, positive key rates 
are only possible with channel radiances less than 4.3 W/(m2 sr µm), the very low end of daytime sky radiances [51].  
With AO, positive bit yields are achieved with sky radiances as high as 65 W/(m2 sr µm).  The solid red line shows the 
23-dB-channel bit yields calculated from signal and decoy-state gains and QBERs calculated as a function of Hb.  The 
solid black line at R=0 represents the level above which QKD should be possible. 
In this letter we report a quantum communication field experiment that, enabled by higher-order AO, is the first to 
demonstrate a pragmatic path toward a daytime quantum communication satellite downlink.  The experiment was 
performed with aperture coupling losses and turbulence conditions representative of satellite passes with zenith angles 
ranging from 0° to 60° and relevant optical noise that is more than 1,000 times greater than nighttime levels for a 
telescope pointed to the sky.  We have shown that higher-order AO significantly reduces qubit losses when spatially 
filtering optical noise near a theoretical limit.  This permits the use of a relatively large 1-nm spectral filter which is 
useful for integrating entangled photon sources of comparable bandwidth.  AO can also enhance the efficiency of 
coupling into waveguide-based quantum components and networks and enhance the efficiency of Bell-state 
measurements for teleportation and entanglement swapping.  The relevancy of these results can be extended to 
entanglement distribution and higher-altitude smaller-aperture satellites by increasing the spectral and temporal filtering 
of noise beyond that employed in this experiment. 
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